surfaces have no corresponding vectors; thus no computation can occur. To make matters worse, not only is there a void (ie an absence of velocity vectors) in the flow field, but also the location of that void is continuously shifting while simultaneously annihilating and creating vectors along its borders.
Indeed, the world's first long-range autonomous vehicle race,`Grand Challenge', attests to the challenge faced by computational vision scientists tackling this problem. The offer by the Defense Advanced Research Projects Agency (DARPA) of the United States of a million dollars in prize money to a robot that could successfully navigate a 150 mile (241 kilometre) desert course stirred enormous interest from roboticists around the world (Walton 2004) . The project was motivated by the mandate of the US Congress that at least a third of all military vehicles be unmanned by the year 2015. The contest, which took place on 13th March 2004, failed to live up to its billing. Of the 106 teams that originally applied, only 15 teams made it to the starting line. Of those, only seven vehicles managed to travel 1 mile before being disabled and, of them, only two managed to get as far as 7 miles. The terrain for this race was chosen intentionally to imitate the real-life dangers and difficulties a vehicle would encounter on a mission from Kuwait to Iraq, or Kabul to Kandahar. For that reason, the course included obstacles such as steep slopes, sand, unpaved roads, ridge tops, underpasses, and other barriers.
Clearly, we have a lot to learn about robot vision and navigation. The course that proved so challenging to the robots would be easy for even novice human drivers. If robots are to be useful in such environments, there will need to be considerable additional research that examines human observers' capacity for self-motion perception while moving through cluttered environments. In short, the problems examined to date in research on heading perception may have been too narrowly defined to assure the level of generality that would be needed to account for human observers' capacity to cope with the environmental contingencies arising from irregular and uneven terrain.
Gibson, who pioneered research on the visual control of locomotion, confronted this issue throughout his career. His attempt to cope with this issue effectively started with a description of the optical structure at the point of observation, a concept he referred to as the optic array (Gibson 1961) . Conceived initially as a set of elements consisting of spots or points in empty extent, the concept was inherently unsuitable to (a) (b) Figure 1 . Flow fields corresponding to an observer's movement along a linear path over a level (a) , and an undulating (b), surface. Both fields depict observer movement in an open environment with the latter engendered in a translucent surface. Thus every environmental element is projected to the point of observation. Because of the geometry of the surface, the singularity of the flow field (ie the focus of expansion) is present in (a), thereby specifying the observer's direction of heading, but is absent in (b). The vertical bar in (a) identifies the observer's heading direction. Each display is overlaid to highlight the properties of the flow field.
portray relational properties in the optical structure. Gibson (1966 Gibson ( , 1977 Gibson ( , 1979 ) therefore revised it later as a nested hierarchy of solid angles with a common apex. Of particular significance is the adjacency relation among neighbouring texture elements. Note that translation in a cluttered environment produces optical perturbations in the form of continuous accretion and deletion of optical structure, ie dynamic occlusion along the occluding edges of the surfaces. The resultant optical effect is a disruption or breaking of ordinal relations among neighbouring texture elements . Because such disruptions arise systematically (only at the occluding edges), it follows that continuous accretion and deletion of optical structure specifies the presence of an occluding edge. Therefore accretion and deletion can be used as a potential information source for the perception of the layout of the surrounding environment (Gibson 1966 (Gibson , 1979 . Furthermore, human observers have been shown to be sensitive to such perturbations (Gibson et al 1969; Kaplan 1969) .
More importantly, the visual system, as Gibson (1979) noted, uses these optical facts, not only in the perception of the surrounding layout, but also in the control of movement. Unprojected and projected surfaces are connected at the occluding edge. Hence, as the observation point moves along undulating surfaces, the surface that is projected to the observation point gradually becomes unprojected, while the surface that was unprojected becomes projected. In other words, dynamic occlusion specifies not only the presence of an occluding edge and the corresponding depth structure at the edge, but also the reversibility of occlusion, an optical fact that specifies the continuity of the far side with the near side (Gibson 1979) . Thus, this optical perturbation can provide an important source of information for the guidance of locomotion in a cluttered environment, and hence can be used by the visual system in negotiating the challenging environment. Consider, for example, an observer driving up a hill. As the observer approaches the summit, a new vista appears. Thus, dynamic occlusion may well be the key information source used by the visual system in navigating through the environment. see also Fajen and Kim 2002) examined extensively the effect of dynamic occlusion encountered by independently moving objects in the flow field. Because the optical perturbation induced by a moving object is local with respect to the flow field, its effect may differ from that induced by observer movement, a global property. Specifically, the velocity vectors corresponding to the moving object are inconsistent with those corresponding to observer movement. Now, determining the direction corresponding to observer movement becomes a matter of resolving inconsistent vectors, either by smoothing all vectors in the flow field, including those that are inconsistent (eg Warren and Saunders 1995) or by filtering out inconsistent vectors together with other noise (Royden and Hildreth 1996; see Fajen and Kim 2002 , for further discussion).
By contrast, the velocity vectors engendered by translation along corrugated surfaces are all consistent, engendered exclusively by observer movement. Yet, discontinuities arise in the flow field even if there are no discontinuities in the surface layout. Consider, for example, locomotion along a smoothly corrugated surface. Every point on the ground surface tangent to the observation point, such as the brow of the hill, becomes an occluding edge that obscures the surface behind it. The situation becomes even more complex because the location of the occluding edge changes as the moving point of observation undulates in accordance with the curvature of the ground surface. Changes in the elevation of the observation point in conjunction with forward locomotion will further complicate the image structure on the retina if the eye has to scan across the surrounding environment. In light of this, even the absence of the singularity in the flow field (ie the focus of expansion), which is annihilated owing to the undulation of the observer movement, may appear to be a rather trivial issue to tackle (figure 1b).
1.1 Scope of the study Despite the ubiquity with which human observers encounter uneven and undulating surfaces, we know little about human perceptual capacity for judging heading under such circumstances because, thus far, research on self-motion perception has been limited to the optical effects that arise during translation in an open environment. The aim of the present study is to fill that void. In particular, the effect of dynamic occlusion was examined with the primary focus on human observers' capacity to perceive direction of heading while travelling along corrugated surfaces.
Two variables, surface corrugation and surface texture, were controlled. Surface corrugation was controlled by varying the degree of corrugation of a simulated corrugated surface. As the point of observation was displaced over the corrugated surface, certain parts of the surface were occluded and disoccluded. The corresponding optical structure was perturbed accordingly, thereby breaking adjacency relations among neighbouring texture elements along the occluded edges.
Surface texture was rendered either as random dots, polygonal patches, or a texturemapped image. A common practice in research on optic flow to date has been to depict optical structure as a collection of discrete and discontinuous random dots. However, as hypothesised in the concept of the optic array, if relational properties constitute the optical structure, their salience should be affected directly by the composition of surface texture. In particular, it is expected that adjacency relations among surface elements should be better preserved in surfaces rendered as texture-mapped images than those rendered as discrete elements (eg random dots or discrete polygonal patches); hence, they should be less amenable to optical perturbations. In other words, the facts of the environment, occluding edges in particular, would be better specified by the former surfaces than the latter. (1) Finally, perceptual capacity was evaluated under an active control paradigm in which participants steered through the environment. Although research on perception of heading so far has relied on the passive judgment paradigm (eg Warren et al 1988) , the active control paradigm has been gaining popularity recently. Of the studies employing the active control paradigm, the studies by Frey and Owen (1999) , Li and Warren (2002) , Rushton et al (1999) , and Wilkie and Wann (2003a) stand out. They differ, however, in the ways in which the environments were depicted. In particular, displays were made of vertically aligned diamond-shaped objects in Frey and Owen, a collection of random dots either confined to a single plane or scattered (1) As stated, the primary focus of the current study was dynamic occlusion and its putative role on the guidance of locomotion. Patently, the question still remains as to the exact nature of information that facilitates perceptual judgments such as the observer's intended direction of locomotion. To address this issue, Turvey (1998, 1999) formulated a rule based on a proposal made by Gibson (1966; see also Richards 1975 , for a similar rule). Specifically Gibson proposed the notion of symmetrical stimulation (ie repeated fixating until the flow pattern becomes symmetric, indicating a coincidence of heading and gaze directions). This rule, however, is applicable to heading direction only during translation along a linear path. Turvey (1998, 1999 ) extended Gibson's rule to encompass more general cases, including curvilinear translation. By using the results of a graphic simulation that demonstrated that when gaze direction coincides with heading direction on curvilinear paths, velocity vectors in the image plane become linearised, Kim and Turvey proposed that the visual system, by actively rotating the eye, can extract heading information from the retinal flow by inducing the flow field to be composed of linearised image vectors. A virtually identical solution was reached by Wann and Swapp (2000) independently and empirical support for this rule was provided by Wilkie and Wann (2003b) . Still, the proposed rule was formulated to address the flow field that is engendered in an open environment. It is possible, nonetheless, that this rule can be used in environments made of irregular and uneven surfaces, such as those examined in this study. However, this issue will not be explored here. Clearly, there are a number of different alternative strategies the visual system can use and Warren (1998b) has discussed this extensively.
in the medium in Rushton et al, or a ground plane rendered with texture-mapped images in Wilkie and Wann as well as in Li and Warren. Furthermore, these studies differ in terms of their specific aims. Despite these differences, the studies adopted similar conditions, namely pursuit fixation and translation parallel to a level surface, to construct displays. Pursuit fixation was adopted specifically as a way to dissociate gaze and heading (Frey and Owen 1999; Rushton et al 1999) or to examine the issue of decomposition or the effect of eye movement on perceived heading (Li and Warren 2002; Wilkie and Wann 2003a) . Note that the present experiment differed from the studies cited with the specific focus on the effects of surface corrugation and texture type on the visual control of locomotion. Hence, displays were simulations of observer locomotion along an undulating surface and were devoid of the eye-movement component. Participants were instructed to bring the display or field of view in line with the simulated path of locomotion.
Still, the resultant flow field was quite complex, composed as it was of three different motion parametersöforward locomotion, vertical displacement of the observation point, and horizontal displacement of the field of view. Some aspects of its distinctive appearance can be characterised as follows. First, the flow field was devoid of the global radial pattern and the focus of expansion. Second, there were discontinuities corresponding to the occluding edges, but these discontinuities were displaced as the line of tangency with respect to the corrugated portion of the surface changed in accordance with the displacement of the observation point. Third, the field of view was displaced horizontally as part of the task requirement. When conjoined with the vertical displacement of gaze, the flow field even rotated about the line of sight. Thus, the occluding edge corresponding to the horizontal brow of the hill was tilted slightly and, as a result, accretion and deletion along the edge was reflected in both vertical and horizontal dimensions. Last, the landscape changed constantly depending on the location of the observation point with respect to the environment, eg looking down into a valley from a hill differed from looking up a hill from the valley floor. In short, unpacking the flow field and extracting locomotion direction is by no means a simple task for the visual system. It is expected, therefore, that the results of these experimental manipulations can provide further insight into the optical basis for the control of locomotion in a cluttered environment and also provide clues to the proper description of the optics involved.
2 Method 2.1 Participants Eight undergraduates at the University of Connecticut participated in the experiment in partial fulfillment of a course requirement. All participants had normal or correctedto-normal vision.
Apparatus
Displays were generated in real time on a Silicon Graphics Indigo 2 Maximum Impact R10000 and presented on a 21-inch (53.3-cm) screen drawn at a 60 Hz refresh rate. The display had a resolution of 1280 horizontal (H)61024 vertical (V) pixels and subtended 53 deg H640 deg V when viewed from 40 cm from a chin-rest. Participants were allowed to move their eyes freely during the experiment.
Each display lasted 9 s during which the observation point traversed 36 m. The extended duration of each trial was necessary to examine steering capacity as in other studies employing a similar steering task (eg 6 s or 8 s depending on the condition in the Li and Warren 2002 study; 8 s in the Rushton et al 1999 study; 6.25 s in the Wilkie and Wann 2003a study).
Stimuli
Observer movement was simulated as forward linear translation over a corrugated surface at a normal running speed of 4 m s À1 . The displays depicted the field of view that arises when gaze is deflected away from the path by a fixed amount, following the fixed camera angle method, as described by Cutting et al (1992) . The amount of gaze deflection at the onset of each display, ie the initial gaze angle, was fixed at 98.
The simulated ground plane was 300 m wide and 300 m deep. This region was further partitioned into 1600 cells, 40 partitions horizontally and 40 partitions along its depth. Depending on the type of surface texture chosen in each trial, each cell was rendered with three different types of surface texture: a random dot, a random patch, or a texture-mapped random check image.
In a typical depiction of optic flow, ie translation parallel to a level surface, gaze is held parallel to the ground, ie tangent with respect to the heading direction (eg Cutting et al 1992; Warren et al 1988) . The placement of gaze becomes a non-trivial issue in the simulation of translation along corrugated surfaces. In particular, when the observation point is on the slope moving either upward or downward, if gaze is held parallel to the tangent direction of the motion vector, the vast extent of the ground surface will be excluded from the field of view. To ensure that a larger portion of the ground is reflected in the field of view, gaze is kept at the current eye height, ie parallel to the sea level, at every instant.
Design
Four variables were controlled: gaze direction, texture type, surface corrugation, and starting location. Here, gaze direction (ie looking left/right) is defined in terms of the polarity (aÀ) associated with gaze angle.
The ground plane was rendered either as random dots, polygonal patches, or texture-mapped images. In the random-dot surface condition, a single yellow pixel was deposited within the cell with the location of the dot randomly determined (figure 2a). In the patch surface condition, each patch was defined as a four-sided polygon with the extent of each side randomly determined and was placed at the centre of the cell (figure 2b). Finally, in the texture-mapped surface condition, the cell was texturemapped with a check pattern image. The image was mipmapped to avoid scintillating effects (figure 2c). Note that mipmapping is a technique used in computer graphics that eliminates unwanted jagged edges in an image that would otherwise introduce visually disturbing artifacts, such as shimmering, flashing, and scintillation.
The dots in the random-dot condition did not expand with motion, whereas the polygonal patches in the patch surface condition did expand over the course of the trial. Each texture element in the texture-mapped surface condition also expanded. The sky, on the other hand, was rendered as a white surface across all texture conditions. Surface corrugation was controlled by the equation:
where y, a, b, z, and h represent surface height, amplitude, period of the curve, distance along the depth axis, and simulated eye height, respectively. Of these, the amplitude of the surface and eye height were fixed at 2.0 m and 1.6 m, respectively, whereas period varied randomly between 60 m, 100 m, and 150 m. With the horizon set at 300 m, these values yielded corrugated surfaces with 5, 3, and 2 cycles of`hills' and`valleys', respectively. Whereas equation (1) determined the height (y) and depth (z) of the simulated surface, the horizontal (x) dimension was a simple extension of the same y and z values to 150 m laterally in both directions. Hence, the simulated surface consisted of a 300 m6300 m square region wherein its z -axis was corrugated according to equation (1). In addition, a level surface, namely a surface with 0 cycle of corrugation, was included as a control.
As noted above, the simulated ground plane was partitioned into 1600 cells. With the depth buffer enabled, in the texture-mapped surface condition the portion of the image which was occluded from the point of observation was automatically removed, producing dynamic occlusion effects. No such effects arose in the random-dot and patch conditions, inducing unnatural viewing effects without impressions of a corrugated surface. To remedy these artifacts, the ground surface was rendered in black first, after which a texture element, either a random dot or a patch, was drawn. With this manipulation, even in the latter two conditions the displays appeared to depict translation over an undulating surface with the effects of dynamic occlusion.
Even in the same corrugation condition, depending on the portion of the surface over which observer movement takes place, the surface layout would appear differently, and provide a possible source of variation. Accordingly, the starting location at which the observation point initiated movement was controlled as well. This location varied between 308, 608, 1208, and 2108, where each value refers to a position on the first cycle of the curve. Hence, in the 308 starting location condition, for example, the observation point (ie eye height surface height) was initially elevated to 2.6 m above the level ground while advanced to 5.0 m along the forward direction.
The preceding manipulation yielded a 2 (gaze direction)63 (texture type)64 (surface corrugation)64 (starting location) design for a total of 96 completely randomised trials. All variables were controlled within-subjects.
Procedure
Participants were instructed to control the display such that it would eventually coincide with the simulated path of translation. Participants pressed one key to initialise each trial and another to trigger the display. Participants steered by pressing the left-arrow or right-arrow key. Each key press changed gaze angle by 0.28, thereby reorienting the field of view either toward the path or away from the path, depending on the key pressed. Data were sampled at 60 Hz, resulting in a time series of heading error, or the amount of gaze deviation from the path of locomotion. Each time series consisted of 540 data points. From these raw data, five measures were extracted to assess performance. First, three conventional measures of error (absolute error, constant error, and variable error) were adopted with heading error defined in terms of final gaze angle. Absolute error represents the overall accuracy of the participant's performance without regard to directional bias; constant error represents the participant's average response error and the directional bias of these errors; variable error represents the consistency of the participant's responses (see Schmidt 1988 , for further details; see also Kim et al 2000, for similar measures). Also adopted were measures of elapsed time in seconds to, and directional error at, the onset of the first control occurrence. With respect to the former, it was reasoned that observers will react more quickly to the particular conditions that facilitate their control of action. The directional error measure, however, did not reveal any significant performance differences; therefore it was deleted from further analysis.
The experiment was preceded by a practice session of 6 trialsö3 texture conditions crossed with 2 corrugation (0 and 2 cycle) conditions. The 608 starting location condition with initial gaze angle set at 108 was used throughout the practice trials. The first 3 trials were demonstration trials to familiarise participants with the experimental controls, and the last 3 were practice trials with feedback provided upon termination of the trial. Feedback was given in the form of two posts appearing on the ground, one at the simulated path and the other at a location defined by the final gaze angle. No feedback was provided during the experiment.
Results
Mean absolute error of individual participants is plotted over time for each condition of texture type in figure 3 . Notably, all eight participants in the texture-mapped image condition steered adequately, with the level of performance eventually reaching the range of accuracy (ie 18 to 38) necessary for obstacle avoidance at speeds covering walking, running, and driving (Cutting et al 1992; . By contrast, the majority in the patch and random-dot surface conditions, specifically 5 and 6 participants, respectively, failed to do so. As can be seen from figure 3, individual differences especially in the two discrete element surface conditions are noteworthy, in particular, extremely poor performance by participants S3, S5, and S7. Their data, however, were included in the analysis because their performance in the corresponding texturemapped image surfaces was quite accurate, clearly demonstrating the advantage of the texture-mapped displays. Nonetheless, caution should be exercised in generalising the results of this experiment. A separate ANOVA was performed on each performance measure for further analyses.
Absolute error
Mean absolute error averaged over the eight participants is presented as a function of texture type in figure 4a . The absolute-error analysis confirmed a main effect of texture type (F 2 14 6X56, MSE 402X09, p 5 0X01). A Tukey test confirmed that the performance of participants in the texture-mapped image condition differed from that in the other two discrete element conditions. The analysis also revealed a three-way interaction involving gaze direction, surface corrugation, and texture type (F 6 42 3X32, MSE 39X79, p 5 0X01). To examine this three-way interaction further, the data were partitioned for each condition of gaze direction and entered into two separate texture type6surface corrugation6starting location ANOVAs. Both analyses revealed significance of texture type for looking left (F 2 14 4X25, MSE 249X55, p 5 0X05) and for looking right (F 2 14 7X03, MSE 197X22, p 5 0X01). Importantly, however, the surface corrugation6texture type interaction was non-significant in the looking-left condition (F 6 42 1X56, MSE 18X11, p 4 0X10) (figure 5a), whereas it was significant in the looking-right condition (F 6 42 2X48, MSE 35X76, p 5 0X05) (figure 5b). A simpleeffects analysis revealed that the effect of texture type was significant in the 0 cycle and 5 cycle corrugation conditions (F 2 14 7X37, p 5 0X01; and F 2 14 5X58, p 5 0X05, respectively). From the inspection of figure 5, it appears that the combined effect of random-dot surface and 5 cycle corrugation, especially when looking right, was quite detrimental, although the reason for this deterioration in performance is not clear. Surface corrugation, however, was unreliable (F 3 21 1X93, p 4 0X05). Across all conditions of surface corrugation performance was poorer in the two discrete element conditions. The same pattern persisted even in the level surface condition.
Constant error
The constant-error analysis revealed a main effect of gaze direction (F 1 7 13X12, MSE 2221X56, p 5 0X01). Steering generally ended with undershoots with the final gaze angle not reaching the simulated path (M À1X898 when looking left and M 1X518 when looking right, respectively). The effect of texture was non-significant but was qualified by the presence of two interactions, one involving starting location (F 6 42 2X82, MSE 82X46, p 5 0X05) and the other involving gaze direction (F 2 14 5X86, MSE 273X65, p 5 0X01). With respect to the gaze direction6texture interaction (figure 6a), a simple-effects analysis revealed that the gaze direction effect was significant in all three texture type conditions (F 1 7 5X48, p 5 0X052, in the texture-mapped image surface condition; F 1 7 6X59, p 5 0X05, in the polygonal patch condition; and F 1 7 14X47, p 5 0X01, in the random-dot condition, respectively); whereas the texture effect was significant for looking right (F 2 14 6X27, p 5 0X05). It appears that the random-dot surface condition induced more undershoots with the degree of undershoots further exaggerated with gaze direction deflected to the right. With respect to the starting location6texture interaction (figure 6b), a simple-effects analysis revealed the effect of texture in the 308 starting location condition (F 2 14 5X58, p 5 0X05). The analysis also revealed a significant three-way interaction involving gaze direction, starting location, and surface corrugation (F 9 63 2X05, MSE 31X88, p 5 0X05).
Variable error
Variable error is presented as a function of texture type in figure 4b . The variable-error analysis replicated the same pattern as that observed in the absolute-error analysis. The effect of texture type was reliable (F 2 14 7X83, MSE 462X32, p 5 0X01), as was a three-way interaction involving gaze direction, surface corrugation, and texture type (F 6 42 2X69, MSE 34X89, p 5 0X05). As in the absolute-error analysis, the same pattern was confirmed by a Tukey test on the effect of texture type, namely performance differences between the texture-mapped image condition and the two discrete element conditions. The response pattern in the texture-mapped image condition was quite consistent, whereas the patterns in the two discrete element conditions were quite erratic with large variability. As in the absolute-error analysis, two separate ANOVAs were performed on each condition of gaze direction to further explore the source of the third-order interaction involving gaze direction, surface corrugation, and texture. The effect of texture type was reliable in both conditions of gaze direction (F 2 14 5X19, MSE 283X16, p 5 0X05, for looking left; and F 2 14 7X76, MSE 228X80, p 5 0X01, for looking right). But, as in the absolute-error analysis, the surface corrugation6texture type interaction was non-significant for looking left (F 6 42 1X20, MSE 12X40, p 4 0X10); whereas it was marginally significant for looking right (F 6 42 2X08, MSE 35X04, p 5 0X08). A simple-effects analysis confirmed the effect of texture in the 0 and 5 cycle corrugation conditions (F 2 14 6X83, p 5 0X01; and F 2 14 5X16, p 5 0X05, respectively).
Time to initiate
Mean time to initiate steering is presented as a function of texture type in figure 4c . The analysis revealed main effects of corrugation (F 3 21 7X01, MSE 16103X28, p 5 0X01) and texture type (F 2 14 18X87, MSE 45049X38, p 5 0X0001). Tukey tests revealed that performance in the 5 cycle condition was significantly different from performance in the other three corrugation conditions. With respect to the main effect of texture type, performance in the texture-mapped image condition differed from performance in the other two discrete element texture conditions, replicating the same pattern as that observed in the absolute-error and variable-error analyses.
Discussion
Overall, participants zeroed in on the heading direction more accurately and more reliably, and initiated correction more quickly in the texture-mapped image surface condition than in the other two discrete element conditions. To be specific, the mean absolute errors in all three conditions of texture type were 2.18 in the texture-mapped image displays, 4.38 in the polygonal patch displays, and 4.38 in the random-dot displays, respectively (figure 7). Only performance in the texture-mapped image condition reached the level of accuracy (ie 18 to 38) required for observer movement in cluttered environments .
The effect of surface corrugation, on the other hand, was minimal except for timeto-initiate. Performance was equally accurate across all conditions of surface corrugation in the texture-mapped image surface displays, whereas performance deteriorated regardless of surface geometry in the discrete element displays (figure 7). Even the level surface did not facilitate performance in the two discrete element conditions. With a welldefined radial pattern and the focus of expansion present in the flow field in conjunction with the absence of discontinuities, there is little to suggest the source of the degraded performance in these two conditions except for the task employed. Note that heading accuracy in this condition under the passive judgment paradigm has been reported to be on the order of 18 to 28 (Warren et al 1988) . The present result, however, is not unprecedented. Li and Warren (2000) reported similar poor performance in the random-dot ground displays under an active steering task when displays simulated eye rotation during forward translation. Wilkie and Wann (2003a) reported a similar result in which heading accuracy degraded under the unstructured ground-texture condition, thus confirming the effect of texture. It appears that the active steering task may demand more adequate informational support than the passive judgment task. Li and Warren (2002) explored this issue, that is whether the information used in the passive judgment task is the same as that used in the active steering task. Combining the results of this study with the results from their earlier study (Li and Warren 2000) , Li and Warren (2002) concluded that the same information is used in both tasks. In particular, they contended that it is the dense motion parallax field and reference objects that provide the informational basis for active control of steering. Performance in the level-surface condition reported here, in particular poor performance in the discreteelement conditions but accurate performance in the texture-mapped condition, can be accounted for by the density of the flow field, consistent with Li and Warren's (2002) contention. By contrast, equally accurate performance in the corrugated conditions under the texture-mapped displays can be better accounted for by dynamic occlusion, namely optical disturbance in the form of accretion and deletion that arises as an edge in the environment covers and uncovers the background. Note that the conditions explored by Li and Warren (2000) are those that arise from locomotion over a level surface. Under such conditions, human observers are reported to misperceive displays simulating linear translation plus horizontal eye rotation as displays simulating circular translation without eye rotation (Banks et al 1996; Royden et al 1994) . Reference objects may be necessary to resolve such ambiguity. No reference objects were present in the displays employed in the present study, thus ruling out the possibility of motion parallax as the information source for accurate steering, especially in the texture-mapped condition. If, as contended here, accretion and deletion are assumed to be the main informational sources, no additional reference objects are necessary because any occluding edge in the environment will become salient the moment the observer moves and, in principle, can serve as a point of reference if needed by the observer. In short, dynamic occlusion, or accretion and deletion of optical structure at the occluding edge, is general enough to encompass any kind of optical perturbation under one single description; hence, it is a more parsimonious account.
Conclusion
In computational vision, discontinuities in optic flow are considered to be serious impediments for any computational model that extracts certain properties from the image flow (eg Thompson 1998) . To date, a number of algorithms have been put forward that identify the regions of accretion and deletion from the flow field (Heitz and Bouthemy 1993; Mutch and Thompson 1985; Thompson et al 1985, to name a few). But few provide satisfactory performance to real applications that encompass the complexity of real-world scenes (Qian and Chellappa 2004) . In human vision, however, discontinuities are not impediments. To the contrary, the visual system appears to use these optical perturbations as a potential information source for the perception of the layout of the surrounding environment. In particular, optical disturbance that arises as an edge in the environment covers and uncovers the background can be characterised as accretion and deletion of optical structure, ie dynamic occlusion. More importantly, because such disruptions arise systematically, namely only at the occluding edges, continuous accretion and deletion of optical structure can be said to specify the presence of an occluding edge and the corresponding depth structure at the edge. Indeed, that was Gibson's conjecture which he validated by demonstrating that human observers are sensitive to such perturbations (Gibson et al 1969; Kaplan 1969) . Recent research provides further evidence confirming this conjecture (Andersen and Cortese 1989; Craton and Yonas 1990; Shipley and Kellman 1994) .
The studies cited above were limited to motions in a two-dimensional image plane. The optical effect that arises from observer movement in a cluttered environment is qualitatively different from the image pattern that arises from two-dimensional motions. Such an effect was investigated in the present study. In particular, the optical effect that arises from translation along corrugated surfaces was examined, with the primary focus on the human observer's capacity to perceive direction of heading under such circumstances. To this end, surface corrugation and texture type were controlled. The results clearly demonstrated the advantage of texture-mapped image surfaces over discrete-element or spot surfaces in the corrugated conditions. Not only did participants perform more accurately and more reliably, but also they did so more quickly. The results corroborate Gibson's contention. Optical disturbance in the form of accretion and deletion specifies the existence of an edge. But, more importantly, it specifies observer movement because it is observer locomotion that induced the perturbation at the occluding edge. Human observers not only appear to be sensitive to such optical disturbances, but they also use such information in the active control of their movements in cluttered environments. By contrast, in surfaces depicted as discrete elements or spots, systematic disruption of adjacency relations among texture elements becomes less salient. As a result, awareness of the layout of the surrounding environment is compromised, which in turn impairs perceptual capacity and control of locomotion.
Despite these manipulations, it is clear that more extensive research is needed to further evaluate the effect of dynamic occlusion and its facilitating role on the control of locomotion, especially in cluttered environments. It is hoped that the findings from this study will motivate future research along these lines.
